Abstract -We adapted a visual census method, mainly used in demersal and reef fish studies, to characterize fish communities associated to drifting fish aggregating devices (FADs) in the Western Indian Ocean. Drifting FAD associated fishes from both equatorial (Seychelles) and tropical waters (Reunion Island) were examined by divers. A total of 32 species (belonging to 16 families) were observed associated with drifting FADs in equatorial waters, and 24 species (14 families) were found around FADs in tropical waters. Twenty species were found in both regions. The highest number of species observed at a single FAD was 18 (12 ± 2, mean ± SD) in equatorial and 13 (10 ± 3) in tropical waters, not counting circumnatant species loosely associated with the FAD. Some species like Kyphosus vaigiensis, Canthidermis maculata, Elagatis bipinnulata, Acanthocybium solandri and Coryphaena hippurus were observed on all or most of the surveys. In this study, the contribution in biomass of the 18 common species associated with drifting FADs (but excluding circumnatant species), represents more than 98% of the biomass. The overall biomass values of closely associated species remains well below tuna biomass estimates for circumnatant tuna schools at FADs, estimated as high as 200 tons. The species that most significantly contribute to the by-catch in tuna purse-seines logically match those that showing the highest biomass values in our surveys (Carcharhinus spp., Elagatis bipinnulata, Coryphaena hippurus, Canthidermis maculata, and Acanthocybium solandri). One of the most abundant and ubiquitous species in our study was the spotted oceanic triggerfish Canthidermis maculata that sometimes formed massive schools of many thousands individuals around the drifting FADs. Future research is needed to explore the role of such non tuna species in the attraction and aggregation processes of tuna around drifting FADs.
Introduction
Humans have exploited the strong association between certain fishes and floating objects throughout history (Jones 1722; Morales-Nin et al. 2000) . Certain tropical tunas such as skipjack (Katsuwonus pelamis), yellowfin (Thunnus albacares) and bigeye tuna (Thunnus obesus) are commonly found forming large aggregations around floating objects and are the target of large-scale industrial fisheries (Fonteneau et al. 2000) in all oceans. Initially, most of these fisheries took advantage of the existence of natural floating logs, but soon fishermen started constructing artificial floating objects as fish aggregating devices (FADs) in order to aggregate schools of tuna and facilitate their capture. Currently, fishermen deploy thousands of FADs in the oceans (Moreno et al. 2007 ) and the majority of the tuna catches by industrial purse-seine vessels worldwide are made in aggregations under FADs (Fonteneau et al. 2000; Lennert-Cody and Hall 2000) . However, tuna are not the only species found around FADs in the ocean. More than 333 species of fishes (pelagic and demersal) have been described to associate with floating objects in open waters (Castro et al. 2002) , from small juvenile to large adult individuals. However, this represents an exhaustive list of all species that have been observed at least once, and it does not necessarily reflect the exact characteristics of common fish aggregations around drifting FADs.
The main objective of our paper is to provide the first description of the fish communities around drifting FADs using fishery-independent methods. This knowledge is necessary in order to use FADs as observatories of fish diversity in pelagic ecosystems. Romanov (2002) provided a first description of these fish communities found around drifting FADs in the Indian Ocean through the analysis of by-catch data collected by scientific observers onboard commercial purse seine vessels. However, such type of studies based on fisheries data might suffer from two weaknesses: (i) the selectivity of the fishing gear, and (ii) the fact that observers usually do not report abundance estimates, but only species composition. To avoid this issue, we used visual surveys by divers to directly observe the fish communities around FADs. This technique is largely used to study the biodiversity of reef fish communities (Harmelin-Vivien et al. 1985; Graham et al. 2006; Colvocoresses and Acosta 2007; Lecchini et al. 2007 ). Visual surveys are rarely used in pelagic waters, though they have been used around anchored FADs (D'Anna et al. 1999; Andalorro et al. 2002; Sinopoli et al. 2006 ) and oil platforms (Fabi et al. 2000; Fabi et al. 2002) . We adapted the "stationary point-count" method used in the demersal fish visual census (Harmelin-Vivien et al. 1985; Bohnsack and Bannerot 1986;  Jennings et al. 1995; Graham et al. 2006 ) to survey fish communities aggregated around drifting FADs. We also compared the characteristics of fish aggregations around drifting FADs in two different regions of the Western Indian Ocean (equatorial versus tropical waters).
Material and methods

Studied areas and FADs
Visual surveys of FADs were opportunistically made in two distinct areas of the Western Indian Ocean: a tropical area south of Reunion Island, studied between 2001 and 2003 in the frame of the DORADE project, and an equatorial zone around the Seychelles, investigated from 2003 to 2005 (Fig. 1) during the FADIO European project. The tropical area is not a drifting FAD fishing zone while the equatorial area is located in the middle of the fishing grounds of the European tuna purse seine fleet. A total of 11 FADs were deployed for this study and observed in the tropical area, and 22 FADS operated by commercial tuna seiners were observed in the equatorial area. Among those 33 FADs, only 4 of them had no underwater materials hanging underneath them (natural logs and ropes), while 29 had some underwater material attached to them (old netting panels for the equatorial FADs and large rice bags for tropical FADs). Among the 29 FADs with underwater material, 26 of them were bamboo rafts and 3 of theme consisted of underwater plastic drums with trailing netting panels. The exact age of the FADs in equatorial was not known, except for the 10 artificial FADs of the tropical area, as these ones were deployed by the scientific team. Visual surveys on the FADs in the tropical area were performed between 5 and 36 days after their initial deployment (15.4 ± 9.0, mean ± SD).
Visual census
Visual censuses were performed only in clear waters with at least 25 m of horizontal visibility for security reasons, mainly to avoid possible shark attacks. Dives were performed by three experienced divers equipped with SCUBA, who always stayed close to each others to reduce disturbances to the fish communities. One of the 3 divers noted all the species encountered with their abundances and their estimated sizes on an underwater plastic sheet (the same diver performed all the visual surveys reported in this study). The second diver recorded on video all the species and schools observed during the survey and the third diver was in charge of the safety of the group.
Upon immediate arrival in the vicinity of a drifting FAD, the three divers would quickly enter the water in order to conduct a census of fishes in surface waters, as some elusive species like Lobotes surinamensis (Lobotidae) might depart the floating object shortly after the vessel arrived. An initial scan of the surface waters surrounding the FAD (minimum horizontal radius of 25 m, i.e. the visual range in these waters) was made to identify and count fishes associated with the FAD in the first 10 m below the surface. Divers would then descend to a depth of 15 m below the FAD and survey deeper waters below the FAD down to approximately 30 m of depth (Fig. 2) . This method is comparable to stationary pointcount technique commonly used in demersal and reef visual censuses. Nevertheless, some quick excursions to deeper waters or away from the FAD were sometimes necessary in order to verify the identification of particular fishes or schools. The depths of the divers (0 to 15 m) and the visibility of the waters (approximately 25 m) defined the semi-spherical volume of water centered on the FADs (horizontal radius of 25 m and a vertical radius of 30 m).
Our main objective being the exhaustive detection of all fish species associated to a drifting FAD, our visual censuses ranged between 30 and 60 min (duration), depending on the amount of fishes present and the environmental conditions (see Graham et al. 2006 for an illustration of this strategy). Direct abundance estimates of individuals by species were conducted when fish schools consisted of less than 50 individuals, while more abundant species were estimated by assigning them to abundance classes. Each underwater visual census carried out by the main diver was complemented by a recording with an underwater video camera. The diver with the video camera would first record each fish species found in close aggregation with the FAD, and then from a stationary point, 15 m below the FAD would slowly spin around 360 o and film all the fishes swimming around that position. The video camera was equipped with a wide angle lens to better estimate the abundance of schooling species. Videos were immediately viewed after each survey to verify the species lists and refine abundance estimates made underwater by surveying diver. The ecological and trophic characterizations of the species (planktivores, piscivores, omnivores and herbivore/planktivores) were selected on the basis of a large scale Indian Ocean ichthyologic study (Taquet and Diringer 2007) . Divers also noted the behaviour of some species to determine if some species were using the underwater structures provided by FADs as a refuge against predators.
The fish species associated to FADs and logs were classified into 3 groups (Table 1) according to their distance to the floating object, as defined by Fréon and Dagorn (2000) . Parin and Fedoryako (1999) subdivided the fish community around FADs into "intranatant species", which remain within 0.5 m of the floating object, "extranatant species" (0.5-2 m) and "circumnatant species" (+2 m), which are loosely associated with the object. Fréon and Dagorn (2000) adopted the same classification, but proposed different distances: 2 m for the intranatant/extranatant species, and up to 10-50 m for the extranatant/circumnatant species, considering that there is a substantial overlap between the distributions of these three communities. Some examples of these categories include the "intranatant" sergeant major damselfish (Abudefduf sp.), which use FADs to take shelter from predators; the "extranatant": white-spotted triggerfish (Canthidermis maculatus) which stay in the vicinity of the drifting FAD; and "circumnatant" tuna, like skipjack tuna (Katsuwonus pelamis), which exhibit a wide range of movements in the vicinity of FADs.
All fish species observed during a survey were noted to determine the species composition of the aggregation. However, visual abundance estimates of circumnatant species are difficult to perform due to their loose aggregation with the 334 M. Taquet et al.: Aquat. Living Resour. 20, 331-341 (2007) Minimum and maximum fish lengths of each species were estimated by trained divers (see Harmelin-Vivien et al. 1985 , for details on the training method) with a minimum size set to 1 cm total length, and the average length was used to produce a biomass index (of all species except tuna). Due to the lack of precise Length/Weight relationships for several species, the same generic equation was used for all species:
with B i the biomass index (kg), L i the mean length of the species i (in cm) and N i the number of fish counted for the species i.
Results
Species composition
A total of 32 species (5 intranatant, 23 extranatant and 4 circumnatant species) belonging to 16 families were observed associated with drifting FADs in equatorial waters (Table 2) , and 24 species (4 intranatant, 18 extranatant and 2 circumnatant species) belonging to 14 families were found around FADs in tropical waters (Table 3) . Twenty species were found in both regions, 12 species were exclusive to equatorial FADs and 4 were only observed at tropical ones. FADs in equatorial waters of the Indian Ocean had a slightly higher average number of species per FAD (n = 12.3 ± 2.3) than Tropical FADs (n = 9.9 ± 2.8) (Fig. 3a) . A Wilcoxon rank sum test shows that these means are significantly different (Z [22−11] = 2.096, p = 0.036). The highest number of species observed at a single FAD was 20 in equatorial and 13 in tropical waters, including circumnatant species. Some species were observed on all or most surveys: Kyphosus vaigiensis was found at all the FADs, Canthidermis maculata was found at 95.5% of equa- (*) Fish type: "Intranatant species" (In) remain within 0.5 m of the floating object; "Extranatant species" (Ex), within 0.5-2 m; "Circumnatant species" (Circum) are loosely associated with the object (after Fréon and Dagorn 2000). 
Fish abundance
The average number of aggregated fishes observed per FAD was higher at equatorial FADs (2680±3245) than at tropical ones (192 ± 109) (Fig. 3b) . Fish abundance was highly variable between individual FADs in the equatorial region (minimum: 111, maximum: 14 531) (Fig. 3b) . Abundance variability at tropical FADs was much lower (min: 76, max: 441 aggregated fishes). Overall the most abundant species in the equatorial FAD censuses were Decapterus macarellus, Canthidermis maculata and Elagatis bipinnulata, which, combined together, accounted for 80.7% of all the fishes observed ( Table 2 ). The most abundant predatory species was Caranx sexfasciatus (juvenile stage, mean length 6.8 cm), which was observed associated to 63.5% of the equatorial FADs and 45.5% of the tropical ones. At tropical FADs, Kyphosus vaigiensis was the most abundant species, followed by Canthidermis maculata (Table 3) . A clear difference between both regions was the much higher abundance of silky sharks (Carcharhinus falciformis) at equatorial FADs (mean 9.5 ± 21.4 shark per FAD) than at tropical ones (0.18 ± 0.80 per FAD only).
Fish biomass
Considering the estimated average biomass of fishes associated with drifting FADs (excluding circumnatant species, which in the case of tuna can form huge schools under FADs), equatorial FADs held almost twice as much biomass per FAD (B i = 1446 ± 2216 kg) as tropical ones (B i = 817 ± 856 kg) (Fig. 3c) , with variability also much higher in biomass estimates at individual FADs in the equatorial region. Minimum and maximum B i values were 17 kg and 10 346 kg respectively in equatorial waters but ranged only between 162 kg and 2288 kg in tropical waters. In the equatorial region, Elagatis bipinnulata was the largest contributor to the total biomass estimate (44.4%), followed by Canthidermis maculata (15.5%), Coryphaena hippurus (13.3%) and Carcharhinus falciformis (12.0%) ( Table 2) . Biomass estimates at tropical FADs were dominated by the large predatory Acanthocybium solandri (61.8%) and Coryphaena hippurus (31.3%) (Table 3) . Finally, the contributions in biomass of the 18 common species (with the exception of circumnatant species) were very similar in the two regions with 99.99% and 98.07% for tropical and equatorial regions respectively. Such relative biomass estimates are well below tuna biomass that was estimated around the FADs through acoustic methods, with a maximum of 200 tons.
Fish trophic categories
The abundance of fishes assigned to different trophic categories was very homogeneous, with similar distributions of abundance values across all four trophic categories (planktivores, piscivores, omnivores and herbivore/planktivores) both in equatorial and tropical regions (Fig. 4a) . Piscivores fishes clearly dominated drifting FAD associated communities in both regions when estimated biomass of fishes was employed to characterize the communities (Fig. 4b) .
Fish behavior
All juvenile reef fishes (Abudefduf vaigiensis, Acreichthys sp., Cantherhines sp., Didon histrix, Heteropriacanthus cruentatus, Labroides dimidiatus, Platax teira, Pervagor melanocephalus, Terapon theraps) were observed to be constantly hiding in the underwater structures of FADs when divers approached, likely a behavior to avoid predation. Other species like Kyphosus vaigiensis or Canthidermis maculata were observed using two different strategies to avoid predators depending on their abundance. If the number of fishes was low (several individuals only), the FAD structure was used as a refuge, hiding among the netting or bamboo floats. But when found in high abundance, these species used schooling behaviors centered on the FAD in response to approaching predators such as Sphyraena barracuda. In situations where predators were observed attacking fishes, most fishes would swim very closely to the FAD, increasing the density of their aggregation.
Discussion
A standardized visual census method
A preliminary analysis of the data collected during the visual censuses showed that all the intranatant and extranatant species are detected within a 30 min period of survey. We recommend that each dive lasts at least 30 min, which was found to be the minimum time to exhaustively determine and count fish at all FADs. Then, dives could last longer, depending on the number of species and fish around FADs, so that all intra-and extranatant species can be determined and counted.
We have shown, through 33 visual surveys, that our protocol is repeatable in a scientific manner, so that it can be used for monitoring many different FADs and conduct comparative analysis. However, if this technique is accurate for intra-and extranatant species, The detection of circumnatant species like tunas was not guaranteed, even with 60-min surveys due to the possible long excursions (more than one hour) performed by these species, often far off the FAD ). In addition, time was not the only limitation factor for the census of circumnatant species, as swimming depth outside the visual range of the divers could also be a critical point for these species. So our results show that the visual census method is not accurate to observe the circumnatant species. Complementary approaches such as acoustic surveys are necessary to detect and estimate circumnatant species abundance around FADs, and should be incorporated to future diversity studies.
Effects of FAD characteristics. The sample size of our study was too low to investigate the possible effects of FAD characteristics (including time at sea) on fish aggregations. However, the physical characteristics of floating objects do not seem to play a role in the attraction of fishes (Fréon and Dagorn 2000) . Observations on 5518 floating objects in the eastern Pacific Ocean, of which 2793 resulted in a fishing set by purse seiners, did not clearly indicate any particular characteristic (i.e., size, surface, volume, colour) that might explain different attractive effects (Hall et al. 1999 ). The only patterns observed were that very small and very large objects are less attractive than medium sized ones, and that black coloured objects seem to be more effective in attracting fishes. All of our floating objects had a similar size (medium size category when using Hall et al. 1999 definitions) . However, we acknowledge that the presence of underwater structures such has hanging netting could affect the species composition, if some intranatant species cannot hide under floating objects with no hanging materials. Only 4 of our 33 samples floating objects did not have hanging materials, which precludes us from performing meaningful statistical comparisons, but fish aggregations around those floating objects showed similar number of species (9.5 ± 3.3) and higher fish abundances (4988 ± 6243) than the other FADs. Time at sea is likely to play a key role in the characteristics of fish aggregations. However, for intraand circumnatant species, it seems that the time needed to aggregate around FADs is quite short. By extracting the empirical knowledge of skippers of European purse seiners in the Western Indian Ocean, Moreno et al. (2007) determined that intra-and extranatant species usually need between 1 week and 2-3 weeks to colonize a FAD. All the FADs sampled in the equatorial area were more than one month old. The 10 artificial FADs of the tropical area were all sampled from 1 to 5 weeks after deployment. Therefore, we can consider that the time at sea might not be a significant factor in our study to explain possible differences between FADs. Further studies on the colonization processes around FADs are clearly needed.
Species composition and fish behavior
Most of the species observed in our study are caught as bycatch by the tuna purse-seine fleet in the equatorial Indian Ocean when fishing on floating objects (Romanov 2002) . Our survey registered 32 fish species associated with drifting FADs in the same waters (equatorial area), while Romanov (2002) measured 42 fish taxa being captured in purse seines. The comparison between both studies is complicated by differences in taxonomic accuracy when identifying fishes. In our study, all fishes were identified at the species level, while in Romanov's study 28 of the 42 fish taxa were identified to the species level and the other 14 taxa were identified to the genus or family level. Nevertheless, we observed 4 circumnatant species versus 11 taxa (9 species and 2 genus level) recorded by Romanov (2002) , and 28 intra-or extranatant species in our study versus 28 taxa (16 fully identified species and 12 genus level) by Romanov (2002) . The fishery observers were more efficient in counting circumnatant species and deep species like Gempylidae (Ruvettus pretiosus) that are caught in the large purse seines, while divers could more easily identify and count extranatant species. Moreover, the use of divers allowed the observation of small juvenile reef fish species (intranatant species) that were not recorded by fishery observers due to the gear selectivity. The species that most significantly contribute to the by-catch in tuna purse-seines logically match those that showed the highest biomass values in our surveys (Carcharhinus spp., Elagatis bipinnulata, Coryphaena hippurus, Canthidermis maculata, and Acanthocybium solandri). While scientific observers onboard purse seine vessels can provide more samples than scientific divers on fish aggregations around drifting FADs, divers have the advantage of obtaining data independent of fisheries activities. This study clearly illustrates the advantage of diver surveys: it provides more accurate estimates of intra-and extranatant species (i.e. by-catch species of purse seiners) than fisheries observers, and they are fishery-independent.
Fish communities aggregated under drifting FADs in equatorial and tropical waters of the Western Indian Ocean had many species in common (20 species) mainly extranatant ones. These common species represent almost the total biomass (>98%) of associated fish (excluding circumnatant species) in each region. Therefore FADs appear to be an efficient tool to observe and study these species that are usually very difficult to access due to their large and scattered geographical distribution in the tropical and subtropical offshore waters.
Juvenile reef fishes (e.g. Abudefduf vaigiensis, Diodon histrix, Cantherhines sp.) use FADs as a substitute habitat when they are unable to locate a suitable reef habitat following their pelagic larval stage (Castro et al. 2002) . In our study, one of these species (Abudefduf vaigiensis) was much more abundant in equatorial waters than tropical ones. One possible explanation for this difference in abundance could be the proximity of the large Seychellois plateau, a potential source of larvae to FADs sampled in equatorial waters.
Our observations on fish behavior confirmed the use of underwater structures by most small species (all the intranatant species and most of the juvenile stages of extranatant species) to avoid predators (Parin and Fedoryako 1999) . Some species, like Kyphosus vaigiensis or Canthidermis maculata, alternated schooling tactics and hiding behavior below FADs to avoid predators, depending on their local abundance. FADs appear to function as a physical refuge from predators for some species when other avoidance behavior more commonly used in open waters (i.e. schooling) are not efficient due to low abundances. Interestingly, FAD associated fish species (excluding small circumnatant Scombrid species) are very rarely found in stomach contents of tuna (Buckley and Miller 1994; Ménard et al. 2000) , and do not dominate the diet of other abundant predators found in closer association with FADs such as adult Coryphaena hippurus (Oxenford 1999; Olson and Galvan-Magana 2002; Taquet 2004) and Acanthocybium solandri (Bochard and Techer 2004) . The diet of piscivorous species that have high occurrence rates at FADs, but are not very abundant (i.e. Sphyraena barracuda and Carcharhinus falciformis) is not well described, and therefore the trophic importance of FAD aggregations cannot be established for these species. However, it is likely that the role of FADs for some species is mixed, providing both refuge from predation and a source of food, depending on the circumstances.
Fish abundance and biomass
While equatorial and tropical FADs showed somewhat different species composition, they greatly differed in their relative abundances. Equatorial aggregations often displayed large numbers of small species (Decapterus macarellus and Canthidermis maculata), which were present in tropical aggregations, but in much lower abundance.
The biomass in tropical FAD aggregations was dominated by two large predatory species, Acanthocybium solandri and Coryphaena hippurus, which accounted for 93% of the fish biomass. Equatorial FAD aggregation biomass (excluding tuna) was dominated by Elagatis bipinnulata, followed to a lesser degree by Canthidermis maculata, Coryphaena hippurus and Carcharhinus falciformis. Species like Acanthocybium solandri, Coryphaena hippurus and Elagatis bipinnulata formed the majority of the aggregated biomass closely associated to the FADs in both regions. If the biomass of non-tuna species is usually low as compared to tuna biomass (average of 2.7% from Romanov 2002, confirmed by this study), the diversity of species can be considered as relatively high. Such an index should be taken into account when assessing the effects of FAD fishing on pelagic ecosystems.
Nevertheless, the fishery status of non-tuna FAD associated species is very different, as some species are simply discarded by equatorial industrial purse seine fishery while they are target species in the tropical small scale fisheries around anchored FADs (e.g. Coryphaena hippurus). Therefore, it is necessary to study the interactions between large-scale and small-scale fisheries to examine if catches of large-scale fisheries impact catches of small-scale fisheries (Dempster and Taquet 2004) .
Future research
Making observations on drifting FADs in high seas is extremely difficult and expensive. This study provides the very first data on the composition of the fish communities around drifting FADs, by using a standardized visual census method that allows to conduct repeatable observations. We have shown that the species composition and abundance varies between equatorial and tropical areas. Future studies should collect more data in different regions to examine the spatial, but also seasonal variability of fish aggregations around FADs. Such fishery-independent data could be used to monitor the biodiversity of the pelagic realm, which is very difficult to access. So far, only a few studies investigated the biodiversity of pelagic waters (e.g. Worm et al. 2003 ) and they were dependent on fisheries data. Innovative ways of observing the diversity of fishes in the open ocean must be developed in order to properly investigate the effects of climate change and anthropogenic pressure on these ecosystems. In the same way that visual census has been used to assess the diversity of reef fishes (Harmelin-Vivien et al. 1985; Graham et al. 2006; Colvocoresses and Acosta 2007; Lecchini et al. 2007 ), we argue that visual surveys around FADs, which act as our sampling tool in the open ocean, should be regularly conducted to assess the diversity of fishes in the pelagic waters.
Colonization processes of FADs should clearly be investigated in the future. What are the first species to colonize a FAD? When a purse seiner catches a fish aggregation around a FAD, it provokes major disturbances. It takes most of the circumnatant species, while it seems that some extranatant species might escape (some Canthidermis maculata and Elagatis bipinnulata were observed with recent skin scarring that were certainly caused by netting, which shows that they escaped the fishing gear) and most intranatant species are not captured. When such a fish aggregation is dramatically modified by fishing, what are the re-colonization processes?
The presence of certain species can play a key role in the presence of others, such as circumnatant species. Fishermen firmly stated that they never observed tuna around FADs when non tuna species are not present (Moreno et al. 2007) , which suggests that these non tuna species are likely to play a key role in the attraction or aggregation processes of tuna. For instance, one of the most abundant and ubiquitous species in our study was the spotted oceanic triggerfish Canthidermis maculata which in the equatorial region sometimes formed massive schools of many thousands individuals around the drifting FADs. Though no acoustic recordings have been made of Canthidermis maculata production of drumming sounds has been described in other triggerfish (Balistidae) (Salmon et al. 1968) . If Canthidermis maculata is a soniferous species, it could be a key species responsible for the generation of biological sounds at drifting FADs, which could be used by some species to locate them (Kingsford et al. 2002 ; but see Mann et al. 2007 ). Studying interspecies dependency relations is of major importance to better understanding the complex community processes occurring at FADs that contribute to catches of hundreds of thousands of tons of tuna each year.
